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Polycrystalline samples of hcp 4He of molar volume Vm = 19.5 cm
3 with small amount of 3He impurities 
were grown in an annular container by the blocked-capillary method. Three concentrations of 3He, x3, were stud-
ied: isotopically purified 4He with the estimated x3 < 10
–10, commercial ‘well-grade’ helium with x3 ~ 3⋅10
–7 and 
a mixture with x3 = 2.5⋅10
–6. Torsional oscillations at two frequencies, 132.5 and 853.6 Hz, and thermal conduc-
tivity were investigated before and after annealing. The solid helium under investigation was located not only in 
the annular container but also in the axial fill line inside two torsion rods and dummy bob of the double-
frequency torsional oscillator. The analysis of the frequency shifts upon loading with helium and changing tem-
peratures of different parts of the oscillator suggests that the three techniques probe the properties of solid helium 
in three different locations: the two different torsion modes respond to the changes of the shear modulus of solid 
helium in either of the two torsion rods while the thermal conductivity probes the phonon mean free path in solid 
helium inside the annular container. The temperature and width of the torsional anomaly increase with increasing 
frequency and x3. The phonon mean free path increases with increasing x3. Annealing typically resulted in an in-
creased phonon mean free path but often in little change in the torsional oscillator response. While the magnitude 
of the torsional anomaly and phonon mean free path can be very different in different samples, no correlation 
was found between them. 
PACS: 67.80.bd Superfluidity in solid 4He, supersolid 4He; 
65.40.–b Thermal properties of crystalline solids. 
Keywords: solid helium, torsional oscillations, shear modulus, phonon mean free path, vibrating dislocations, 
isotopic impurities. 
 
 
1. Introduction 
This paper describes recent experimental investigations 
of solid helium performed in the Low Temperature Group 
at Manchester. Some of the techniques used in this re-
search are built upon original advances by Professor Leo-
nid Mezhov-Deglin. It is also delightful to see the conti-
nuity of generations of researchers brought up in the Labo-
ratory of Quantum Crystals in ISSP (Chernogolovka) 
founded by him: A.I.G. worked there in 1981–1992, and 
M.Yu.B. is currently employed in the Laboratory. We are 
honoured that this paper appears in the special volume ce-
lebrating Leonid Mezhov-Deglin’s 75th anniversary. 
2. Solid helium 
Solid helium, thanks to the low mass of atoms and their 
weak attraction, has a potential to behave very differently 
from classical crystals. At low temperatures and densities, 
substantial zero-point kinetic energy and quantum tunnel-
ing of atoms lead to a range of unconvential properties, 
both observed and predicted. The former include free-
particle-like dynamics of point defects (vacancies and im-
purities) [1,2], multiple exchange causing competing ferro- 
and antiferromagnetic ordering of nuclear spins [3], crys-
tallization waves [4]. Further exotic properties of this 
quantum crystal might be expected, such as supersolidity 
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(coexistence of solid rigidity and non-dissipative coherent 
mass transport) [1]. Many of the mentioned properties are 
only meaningful for perfect monocrystals of solid helium. 
Using the technique to grow large monocrystals of solid 
helium, developed by Shalnikov [5], Mezhov-Deglin has 
observed not only ballistic transport of thermal phonons 
but also hydrodynamics of the phonon gas [6], which, for 
instance, was a pre-requisite for observations of such a 
spectacular effect as the second sound (heat propagating as 
a wave) in solid helium [7]. 
Disordered samples of solid helium revealed another 
potential for discoveries. Dislocations were shown to be 
dynamic [8] and anneal readily [9] at quite low tempera-
tures. Recently, the frequency of torsional oscillations 
(TO) of polycrystalline solid helium [10] (and a virtually 
identical effect on its shear modulus [11]), was shown to 
have temperature dependence below 300 mK; this started 
the new era of interest in solid helium. 
It was found that the resonant frequency rf  of torsional 
oscillators, that have solid helium inside the torsion head 
and channel drilled through the torsion rod, increases by 
rfΔ  with cooling through some temperature *.T  There is 
an associated excess dissipation at *= .T T  The width of 
the cross-over in ( )rf T  is of order temperature 
*T . With 
increasing the concentration of 3He impurities, 3,x  from 
below 0.1 ppb to 10 ppm, *T  systematically increases 
from ~ 20 to ~ 200 mK [12]. Increasing frequency of oscil-
lations by a small amount resulted in an increase in *T  
[13]. The effect was the largest in the most disordered 
samples, but can be reduced upon annealing and was ab-
sent in perfect monocrystals. The shear modulus was found 
to have the same temperature and frequency dependence 
— both in solid 4He and 3He samples. It is currently un-
derstood that a substantial part of the frequency shift rfΔ  
of torsional oscillations is caused by the change in the 
shear modulus of solid helium [14–17]. 
It seems crystal defects play a major role in these phe-
nomena. Because of the strong variations of the measured 
effect between different samples of solid helium, some 
ways of complementary characterization of samples in 
situ are required. In this paper, we describe our attempt to 
combine the torsional oscillator, capable of high-preci-
sion measurements at two very different resonant fre-
quencies, with the means of measuring the thermal conduc-
tivity of helium samples using the techniques developed by 
Mezhov-Deglin in the 1960’s [6]. At temperatures below 
~ 0.5 K phonon–phonon interactions become rare, and 
their mean free path is controlled by scaterings off the 
crystal boundaries and dislocations. In this context, the 
mean free path of thermal phonons becomes the measure 
of the presence of dislocations as seen by high-frequency 
(109–1010 Hz) oscillations of solid helium. Experimental 
details and some results were published in [18,19]. 
3. Experimental details 
We used an annular cell composed of two coaxial cy-
lindrical stainless steel pieces brazed together at the bot-
tom. The outer and inner walls were 0.3 and 0.5 mm thick, 
respectively. The annular gap between the walls was 
= 0.3d  mm, the outer diameter of the cell was 13 mm and 
the height was 14 mm. At the top the cell was brazed to a 
beryllium copper piece consisting of a disk-shaped plate, a 
torsion rod (“head rod”) and a flange (see Fig. 1). The 
flange was indium-sealed to a beryllium bronze parallele-
piped, capacitively coupled to two flat electrodes (not 
shown in Fig. 1) for driving and detecting the oscillations, 
with another torsion rod (“bob rod”) that was attached to 
the platform with an indium seal. A channel drilled 
through both torsion rods formed the fill line. The oscilla-
tor consisting of the cell (“head”), a dummy bob (the elec-
trode with its flange) and the two torsion rods could thus 
be excited in two torsional modes (symmetric and 
antisymmetric) with resonant frequencies equal to 132.5 
and 853.6 Hz at T = 300 mK. The platform (not shown in 
Fig. 1) held a heater and two thermometers (a 3He melting 
curve thermometer and a calibrated germanium resistor) 
and was thermally connected to the mixing chamber of a 
dilution refrigerator through a copper wire, ~ 0.5 mm in 
diameter and ~ 5 cm in length. 
Fig. 1. (Color online) The annular cell with solid helium in which 
high-quality resonances of torsional oscillations at two different 
frequencies could be excited and monitored, and the heat flux 
along the axis could be used to measure the thermal conductivity. 
The moments of inertia of the annular cell (torsion head) and 
dummy bob are labelled 1I  and 2,I  respectively. The rigidity of 
the “head” torsion rod is 1K  and that of the “bob” torsion rod is 
2.K  The cylindrical channel drilled through both torsion rods 
and dummy bob allows to fill the cell with helium. 
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Thermal conductivity was measured by means of running 
a known current through the 1.5 k Ω  gradient heater at the 
bottom of the cell and subsequently measuring the tempera-
ture difference established between two RuO2 thick-film 
resistor thermometers glued with varnish to the side of the 
cell 7 mm apart. The temperature of the upper thermometer 
1T  was stabilized by applying a computer-controlled power 
to the heater attached to the platform. At each value of T  
we used 4–5 different values of the current in the gradient 
heater (from zero to maximum compatible with the cooling 
power of the cryostat). Depending on temperature, the pro-
cess of stabilization took up to 1 h, after that it could take up 
to 1 h to average the readings of the thermometers in the 
steady state regime. Their temperature difference was pro-
portional to the power dissipated in the gradient heater; the 
value of κ  was thus calculated using a known geometrical 
factor. The typical applied powers ranged from 10 nW to 
1 μW, and typical temperature differences were from 0.1 to 
1 mK, i.e., within 10–3–10–2 T. 
In the preliminary experiments we measured the ther-
mal comductivity of the empty cell and it was found to be 
proportional to temperature and consistent with the data for 
stainless steel. This contribution did not exceed 20% of the 
total thermal conductivity at the lowest temperatures and 
was subtracted. We have also measured the temperature 
dependence of the resonant frequencies and the resonant 
line widths of the empty TO. These were subsequently 
subtracted from the data obtained with the filled cell. The 
low and high resonant frequencies of the empty cell in-
creased by 4.5 and 1.0 mHz, respectively, upon cooling 
from 1.2 to 0.02 K. 
Samples were grown from either 4He, isotopically puri-
fied using heat flush technique [20,21] 103( 10 ),x
−≤  4He 
with natural isotopic ratio 73( 3 10 )x
−
⋅∼  or mixture with 
6
3 = 2.5 10 .x
−
⋅  In all cases the cell was pressurized with 
liquid 4 He to P = 84 bar at 3.5 K and then cooled down to 
form solid at P = 51 bar and T = 2.35 K (corresponding to 
the molar volume = 19.5mV  cm
3 and Debye temperature 
DΘ = 31.5 K [22,23]). During the cool-down the fill line 
was first blocked by solid near the 1 K pot of the dilution 
refrigerator, and then the sample in the cell grew at con-
stant volume (“blocked capillary method”). The low and 
high resonant frequencies of the TO decreased by 0.015 
and 1.61 Hz upon filling the cell and solidification. To 
melt and regrow the sample we used either the gradient 
heater or the platform heater. By varying the heater current 
and heating time we were able to vary the sample growth 
time between ~ 40 s and several hours. 
4. Thermal conductivity 
The kinetic theory formula for thermal conductivity [24] 
 1= ,
3 V
C vκ A  (1) 
where 3C T∝V  is the phonon specific heat and 
2 3= < > / <v v v− − >  is the phonon velocity averaged for all 
branches and crystal orientations (which we approximate 
by the Debye velocity), allows to determine the phonon 
mean free path (m.f.p.) .A  This approach was used by 
Levchenko and Mezhov-Deglin [9] in their studies of re-
covery of dislocations in plastically-deformed solid he-
lium. 
The main result is summarized in Fig. 2. Firstly, the 
measured temperature dependence of ( )Tκ  indeed follows 
approximately 3T  dependence between 100 and 300 mK; 
one can thus extract a temperature-independent parameter 
A  characterizing the particular sample. Secondly, A  was 
generally found to be slightly different for different sam-
ples grown in the same conditions; annealing always re-
sulted in the increase of A  by a factor of order 2. Thirdly, 
with increasing 3x  up to 2.5 ppm, A  steadily increases. 
These observations allow us to conclude that the phonon 
scattering cross-section of the defects that determine A  
decreases with annealing and increasing 3.x  The latter 
points at the role of pinning of dislocations by 3He impuri-
ties. The plausible explanation for the increase of A  upon 
such pinning is that the resonant scattering of phonons off 
the vibrating segments of dislocation is mainly responsible 
for setting the value of .A  Pinning by 3He impurities is 
known to arrest those vibrations (or shift their frequency to 
higher values away from the range important for the scat-
tering of thermal phonons at ~ 100 mK) and hence increas-
es the relaxation time and mean free path .A  
Fig. 2. (Color online) Thermal conductivity of a sample of puri-
fied (red U), x3 ~ 0.3 ppm (blue {) and x3 = 2.5 ppm (green ). 
As-grown samples are shown by closed symbols, while those 
after annealing for ~ 10 h at 1.77 K are shown by open ones (and 
are connected to their as-grown counterparts by arrows). The 
lines indicate 3T  dependence and are labelled by the correspond-
ing values of m.f.p. 
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5. Torsion oscillations results 
The response of the torsional oscillator to AC drive is 
known to depend on both the inertia and elastic properties 
of the sample of solid helium inside the torsion head [14–16] 
and torsion rod [17]. As our oscillator was built in quite a 
rigid way (thus minimising the differential displacement of 
its outer and inner walls — and hence the shear defor-
mation of the sample) and has thin-annulus geometry, we 
expect the shift in the resonant frequency and linewidth to 
chiefly reflect the sample's effective inertia and perhaps 
shear modulus of the helium inside the torsion rod (see 
next Section). 
At small amplitudes of AC drive, the response of the 
torsional oscillator was linear. Typical temperature de-
pendences of the resonant frequency 1( )f T  are shown in 
Fig. 3 after subtracting the resonant frequency of the empty 
cell. The high-temperature contribution of an unknown 
origin, linear in temperature, is shown by straight lines; in 
what follows it is subtracted. 
In Fig. 4, we compare the temperature dependences of 
the resonant frequencies ( ),rf T  normalized to their total 
frequency shift ,fΔ  for three samples of solid helium with 
different 3.x  The relevant parameters are listed in Table 1. 
One can see that the cross-over temperature *T  is not a 
unique property of a sample but increases with frequency 
(similar to the dependence of the shear modulus on frequen-
cy [11]). With increasing 3,x  *T  generally increases [12]. 
The logarithmic width of the cross-over, * *high low/T T  is 
greater than unity and keeps increasing with increasing *T . 
Table 1. Parameters of ( )rf T  datasets for the three samples 
from Fig. 4 
x3  fr, Hz Δfr, Hz *, KT  * *high low/T T  
< 0.1 ppb 853.6 ≈ 0.0078 ≈ 0.023 – 
≈ 0.3 ppm 853.6 0.0091 0.079 2.5 
2.5 ppm 853.6 0.0112 0.214 5.6 
2.5 ppm 132.5 0.0017 0.105 3.5 
Driving a torsional oscillator at large amplitude is 
known to suppress the effect [10,25]; we confirm this. On 
the other hand, we found that the thermal conductivity is 
insensitive to the amplitude of oscillations. As was noted 
earlier [25,26], the dependences of the TO resonant fre-
quency on amplitude V  look basically identical to the 
temperature dependences *( / ),rf T T  when plotted as 
*(( / ) ),rf V V
γ  where γ = 0.43. The same exponent γ = 0.43 
was observed in comparing the dependences of the shear 
modulus on temperature, *( / ),T Tμ  and strain, *(( / ) )γμ ε ε  
[27,28]. While we also confirm the close similarity of the 
curves *( / )rf T T  and *(( / ) )rf V V
γ  (see Fig. 5), our expo-
nent γ ≈ 0.71 is substantially different. 
6. Inertia or elasticity? 
The original goal of the experiment was to investigate 
the same sample of polycrystalline solid helium with three 
techniques: torsional oscillations at a low frequency 
2 = 132.5f  Hz, torsional oscillations at a high frequency 
Fig. 3. (Color online) TO resonant frequency ( )rf T  for samples
of different 3x  with the resonant frequency of an empty cell sub-
tracted. For clarity, the dataset for x3 = 0.3 ppm and x3 < 0.1  ppb
are shifted downwards by 0.015 and 0.030 mHz, respectively.
The high-temperature contributions, linear in temperature, are
shown by straight black lines. They have the same slope obtained
by fitting to the high-temperature part of the dataset for the an-
nealed sample with x3 = 2.5 ppm. 
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1 = 853.6f  Hz, and thermal conductivity by ballistic pho-
nons (a thermal phonon at = 200T  mK is an oscillating 
strain with frequency ~ 4 GHz). As we will show below, 
each technique actually investigated a different sample: the 
low-frequency TO were mainly sensitive to solid helium 
within the channel drilled inside the “bob rod”, the high-
frequency TO responded to the properties of solid helium 
inside the “head rod”, while the thermal conductivity was 
characterizing (as was intended) the sample grown in the 
annular cavity inside the head of the torsional oscillator. 
Our torsional oscillator (see Fig. 1) had two parts 
(“head” and “bob” with moments of inertia 1I  and 2 ,I  re-
spectively). The head is connected to the bob by the tor-
sional rod (“head rod”) with rigidity 1,K  and the bob is 
connected to the rigid and bulky platform by a similar tor-
sional rod (“bob rod”) with rigidity 2.K  1 2K K≈  and 
1 2.I I  In the symmetric mode the deformation of the 
bottom rod is negligible compared to that of the upper one; 
the resonant frequency is 1/212 2 22 ( / ) .f K Iπ≈  In the anti-
symmetric mode the deformation of the upper rod is ne-
gligible compared to that of the bottom one; the resonant 
frequency is 1/211 1 12 ( / ) .f K Iπ≈  From the values of these 
frequencies and assuming 1 2 ,K K≈  we obtain 2 1/I I ≈
 2(853.6 /132.5) = 41.5.≈  
Upon filling the empty cell with solid helium, the reso-
nant frequencies have decreased by the following amounts: 
1 = 1.61sfΔ −  Hz and 2 = 0.015sfΔ −  Hz. Adding helium 
increases the moment of inertia of the head by some 
1 1;sI IΔ   this translates into the expected ratio of fre-
quency shifts 3/2 31 2 2 1 1 2/ ( / ) = ( / ) = 267.s sf f I I f fΔ Δ ≈  Solid 
helium also increases the rigidity of torsion rods by some 
small 1 2 ,s sK KΔ ≈ Δ  that would cause an increase in re-
sonant frequencies with their ratio 1/21 2 2 1/ ( / )s sf f I IΔ Δ ≈ ≈
 1 2/ = 6.4.f f≈  The experimental ratio of frequency shifts, 
1 2/ = 1.61/ 0.015 = 107,s sf fΔ Δ  is much closer to that ex-
pected due to the inertial loading of the torsion head. We 
thus conclude that it is the inertial contribution which is 
dominant in the frequency shifts caused by filling the cell. 
A very different situation arises after cooling the cell 
with solid helium through the TO anomaly (say, from 
~ 500 to ~ 50 mK for the sample with 3 = 2.5x  ppm that 
we investigated). The resonant frequencies increase 
by 1 = 0.0112fΔ  Hz and 2 = 0.0017fΔ  Hz. If one attri-
butes these to the change of the effective inertia then the 
“superfluid fraction” measured at high frequency, 
1 1/ = 0.69%,sf fΔ Δ  is very different from that at the low 
frequency 2 2/ = 12%sf fΔ Δ ! On the other hand, if we 
assume that both frequency shifts are caused by the stiff-
ening of solid helium that causes an increase in the rod’s 
rigidities by the same value 1 2 ,K KΔ ≈ Δ  one expects the 
ratio of shifts 1 2 1 2/ / = 6.4f f f fΔ Δ ≈  (see previous para-
graph). And indeed, the experimentally measured ratio 
1 2/ = 0.0112 / 0.0017 = 6.6f fΔ Δ  is pretty much the same! 
We conclude that the TO frequency shift with cooling 
through *T  is caused by the increase in the rigidity of sol-
id helium in torsion rods. 
The torsional oscillator was designed in the convention-
al way that allows to separate the inertial and rigidity ele-
ments and their contributions, and hence to use the simple 
analytical formulae for the resonant frequencies used 
above. Yet, there is also (negligible) inertia associated with 
torsional rods and some distributed elasticity of the tor-
sional head and solid helium inside it. In principle, an in-
crease in the shear modulus of solid helium inside the tor-
sion head can also cause an upward frequency shift; these 
should mainly affect the high-frequency resonance. Exper-
imentally, we found that both resonant frequencies in-
creased by the same fraction when cooled through *T ; 
hence, it seems that contributions from the shear modulus 
of helium inside the torsion head are small compared to 
those from helium inside TO rods. 
The hypothesis that the temperature dependence of the 
shear modulus of solid helium inside torsion rods is behind 
the shifts of both resonance frequencies was confirmed by 
the following observations (using the sample with 
3 = 2.5x  ppm, presented in Fig. 5). By increasing the heat-
ing of the gradient heater while decreasing that of the plat-
form, we maintained the temperature of the torsion head, 
head = 0.13T  K, constant while decreasing that of the mix-
ing chamber, mixer ,T  from 0.13 to 0.089 K. This resulted 
in increases of both resonant frequencies 1f  and 2.f  
Then, using the equilibrium temperature dependences 
1( )f T  and 2 ( )f T  (measured when the gradient heater 
was switched off), we can attribute an effective tempera-
ture to each frequency shift. It turned out that the effec-
tive temperature, 2 ,fT  of the low-frequency symmetric 
resonance was always much closer to mixerT  (namely, 
Fig. 5. (Color online) Green line (1) — the shift of the resonant 
frequency of the asymmetric TO mode 1f  (at small TO ampli-
tude V ) normalized to the total shift 1fΔ  as function of reduced 
temperature */T T . Red line (2) — the shift of 1f  (at low tem-
perature = 0.023T  K) normalized to the total shift 1fΔ  as func-
tion of scaled reduced amplitude of oscillations * 0.71( / )V V .  
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2 mixer head mixer0.15( )).fT T T T− ≈ −  On the other hand, 
the antisymmetric mode had its effective temperature 
closer to that of the torsion head, 1 mixerfT T− ≈
head mixer0.74( ).T T≈ −  This confirms that the phenomenon 
responsible for the symmetric (antisymmetric) resonance is 
localized in the “bob rod” (“head rod”). 
Finally, now and then the resonant frequency of the 
symmetric mode experienced abrupt irreversible shifts 
while that of the asymmetric mode stayed unchanged. This 
indicates that these two resonances are sensitive to the state 
of solid helium in different locations — apparently, inside 
the two different torsion rods. 
7. Discussion 
We investigated the temperature dependences of three 
different types of oscillations: torsional oscillations at low 
frequences 133 and 854 Hz, and high-frequency oscillatory 
stress (thermal phonons) at frequencies 109–1010 Hz. Their 
responses to annealing and adding 3He impurities were 
quite different. The temperature of the TO anomaly moved 
up upon adding 3He; its magnitude and width, while being 
sample-dependent, did not always decrease upon anneal-
ing. The characteristic temperature increased with frequen-
cy. The mean free path of thermal phonons, on the other 
hand, while also sample-dependent, always increased fol-
lowing annealing. It also always increased with increasing 
the amount of 3He. 
We argue that, in our experimental set-up, the TO and 
thermal conductivity probe solid helium at different loca-
tions. The absence of correlations between the TO fre-
quency shifts rfΔ  and phonon mean free path ,A  that was 
reported previously [18,19] (see Fig. 6) might thus not be 
too surprising. As there are no evidences that the TO fre-
quency shifts are related to anything but the temperature 
dependence of the shear modulus of polycrystalline solid 
helium, in what follows we discuss the observed features 
in terms of the interactions of dislocations with 3He impu-
rities as a function of temperature. 
Annealing at temperature = 1.8T  K (not too close to 
the melting point = 2.35mT  K) is expected to allow indi-
vidual dislocations to change configuration in order to re-
duce the strain energy while perhaps leaving the grain 
structure of a polycrystal unchanged. It might also help 
3He impurities to redistribute around dislocations. There 
are two very different points of view on the dynamics of 
3He impurities near dislocations. 
If 3He quasiparticles are sufficiently mobile (which is 
certainly the case at low 3x  in unstrained regions of crys-
talline helium), and are hence in thermodynamic equilibri-
um, their density near dislocation cores reversibly increas-
es with cooling (and the characteristic temperature *T  
increases with x3). It is then natural to interpret the stiffen-
ing of the shear modulus with cooling as the consequence 
of pinning dislocations by impurities [11]. Softenning of 
solid helium caused by large-amplitude oscillations is then 
associated with stress-induced breakaway of 3He impuri-
ties from dislocations. The related nonlinearities, hysteresis 
and long relaxation times [26] would indicate strong devia-
tions from thermodynamic equilibrium, discussed in the 
next paragraph. The increase in the phonon mean free path 
upon either adding 3He or annealing can be explained by 
reducing the number of dislocation segments capable of 
vibrating at frequencies of thermal phonons. 
Alternatively, if 3He atoms are localized (due to their 
narrow energy band [2] of J ~ 10–4 K) by the stress field 
in the vicinity of a dislocation (and are only allowed to 
diffuse slowly via incoherent hopping mediated by pho-
nons), the relaxation time becomes long compared to the 
experimental time, so the system is permanently out of 
equilibrium [29]. The dependence of the shear modulus 
(and of the hypothetical superfluid density also) on tem-
perature and concentartion of impurities x3 is explained 
by the roughening transition of individual dislocations. It 
is perhaps possible to account for the increase in the pho-
non mean free path with adding 3He in the framework of 
this approach but we are unaware of any existing theore-
tical calculations. 
8. Conclusions 
By combining several experimental techniques we in-
vestigated polycrystalline solid 4He with small densities of 
3He impurities at temperatures below 1 K. The presence of 
two torsion rods and a heater on the torsion head allowed 
to conclude that the temperature-dependent shift of reso-
nant frequency of TO is caused by solid helium not inside 
Fig. 6. (Color online) The shift in the TO resonant frequency
rfΔ  vs. the phonon m.f.p. for all samples of purified 
4He (open
circles), well-grade 4He (solid triangles) and mixture with
x3 = 2.5 ppm (asterisks) studied. As for samples of purified 
4He,
* 23T ≈  mK (judging by the position of the maximum of the
linewidth), we could not reach the limit *T T  and hence ap-
proximate 2( (23 mK) (80 mK)).r r rf f fΔ ≈ −  Arrows show
changes upon annealing at = 1.77T  K. 
x3 = 2.5 ppmx3 = 0.3 ppm
x3 < 0.1 ppb

f r
, 
m
H
z
0.2 0.4 3.01.0
l, mm
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the torsion head but inside the torsion rods. The tempera-
ture-dependent change in the shear modulus of solid heli-
um is the most likely reason for this frequency shift. The 
dependences of such a shift on the frequency and ampli-
tude of the TO mode and on the concentration of isotopic 
impurities agree qualitatively with this interpretation. 
Measurements of the thermal conductivity of solid helium 
below 0.3 K resulted in the values of phonon mean free 
path increasing with increasing the concentration of impu-
rities and with annealing of samples; these point at the rap-
idly-vibrating dislocation segments, that can be arrested by 
pinning by point defects, as the dominant scatterers of 
thermal phonons. More research, both theoretical and ex-
perimental, is needed to understand the mechanisms in-
volved in all of the mentioned phenomena. Even though 
the subject of the dynamics of phonons, point defects and 
dislocations in solid helium is nearly half-century old, it is 
still full of promise! 
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